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General introduction

1
Vascular disease is a major health problem. Thirty-one percent of all global deaths can be 

attributed to vascular disease, representing the most important cause of death globally 

(WHO website). In Central Europe and Western Europe, the mortality risk associated with 

vascular disease has decreased.1 However, the morbidity caused by vascular disease has 

continued to increase during the last 10 years.2 This has led to a higher prevalence of 

patients with chronic cardiovascular disease and to an increased risk of frailty3 - a syndrome 

of pre-disability that can identify persons at risk for functional decline, hospitalization and 

death - and functional disability.4 This disability can be a direct consequence of the vascular 

disease itself,5 but may also be caused by disorders associated with the vascular disease, 

such as cognitive impairment and dementia,6 parkinsonism7 and depression.8

It has long been recognised that vascular disease is an important cause of cognitive 

impairment, especially in the case of cerebrovascular disease. In 1974, Hachinski coined 

the concept of ‘multi-infarct dementia’, linking vascular disease to dementia through the 

occurrence of multiple small or large cerebral infarcts.9 For a long period, multi-infarct 

dementia has been regarded the same as vascular dementia. However, in the last decades 

it has been recognised that multi-infarct dementia does not describe all the cognitive 

symptoms associated with vascular disease and risk factors and that this concept should be 

expanded as these symptoms are not only present in patients with multiple cerebral infarcts, 

but also in patients with small vessel disease, a single strategic infarct and hypoperfusion.10 

The spectrum of cognitive deficits associated with vascular disease or vascular risk factors 

has recently been termed vascular cognitive impairment (VCI).11 Criteria for VCI were 

formulated in 2011 by the American Heart Association/American Stroke Association, 

wherein VCI was defined as a syndrome with evidence of clinical stroke or subclinical 

vascular brain injury and cognitive impairment affecting at least 1 cognitive domain.11

Due to the expected increase in dementia incidence, the prevention of cognitive decline 

and dementia is currently receiving much attention. Physical activity and maintaining 

physical fitness through physical exercise is associated with a lower risk of vascular events 

and mortality.12–14 Apart from the effects on vascular risk, physical activity has been 

associated with a decreased risk for cognitive decline and dementia.15,16 In patients with 

vascular disease, physical exercise could potentially have a benefit on both the risk of 

vascular events and cognitive decline.

AIms oF the thesIs

This thesis will investigate the effects of physical activity and exercise on secondary prevention 

and cognition in patients with vascular disease and aims to gain further insight into the 

mechanisms that mediate these effects. The first objective is to investigate the relation of 

physical activity with vascular disease risk and mortality in patients with vascular disease or 

vascular risk factors. We are particularly interested in this relation among patients with a 
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history of stroke, as evidence is currently lacking. The second objective is to investigate the 

associations of physical activity and fitness with cognition in patients with vascular disease 

and to gain insight into the possible neurobiological substrate. Therefore, the associations 

of physical activity and fitness with MRI markers of cerebral small vessel disease and cerebral 

atrophy, and characteristics of the carotid artery wall are investigated. The third objective is 

to describe our practical experience with and preliminary findings of a trial investigating the 

effects of a physical exercise program on cognition in patients with a TIA or minor ischemic 

stroke.

VAsCulAr CognItIVe ImPAIrment (VCI)
Pathophysiology

Several pathophysiological mechanisms are associated with VCI, including large vessel 

disease, hypoperfusion and cerebral small vessel disease. Cognitive impairment caused by 

large vessel disease can be seen after a single infarct and dementia can even occur after 

a single strategic infarct such as in the thalamus or angular gyrus. After stroke, dementia 

develops in 10 % of patients and this percentage increases to 30 % after recurrent stroke.17 

Hemispheral hypoperfusion that can occur in patients with a carotid artery occlusion and 

global cerebral hypoperfusion in patients with heart failure are associated with cognitive 

impairment.18 Hypoperfusion may lead to cognitive impairment as the brain depends on 

a continuous and adequate blood supply, and interruption of cerebral blood flow leads to 

brain dysfunction and death.19

The term cerebral small vessel disease encompasses all the pathological processes that 

affect the small vessels of the brain, including small arteries and arterioles but also capillaries 

and small veins.20 Hypertension is the most important risk factor associated with small vessel 

disease,21,22 but this damage can also occur with the accumulation of amyloid in the vessel 

walls in patients with cerebral amyloid angiopathy.20 Neuroimaging correlates of small vessel 

disease are white matter hyperintensities (WMH), lacunes and cortical micro-infarcts as well 

as haemorrhagic manifestations such as microbleeds and intracerebral haemorrhage.

WMH are common in older adults, and present in 100 % of the population older than 

85 years.23 WMH are visible on T2 weighted MRI scans such as fluid-attenuated inversion 

recovery (FLAIR) and reflect partial loss of myelin, axons and oligodendroglial cells, 

gliosis and dilation of perivascular spaces.24 WMH are not only associated with executive 

functioning but also with decrements in other cognitive domains, including memory,25 and 

are associated with increased risk of dementia26 and functional decline.27

Lacunes are defined as fluid-filled cavities between 3–15mm in size, consistent with a 

previous infarct or haemorrhage present in de basal ganglia, white matter or brainstem.28 

Most lacunes do not present with clinical symptoms such as an hemiparesis, but are not 

without clinical consequence in the long term as they are associated with an increased 
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risk of cognitive decline and dementia.29 Recently, micro-infarcts have been identified as 

an important neuropathological correlate of cognitive dysfunction and dementia and are 

often present in the watershed areas - the borderzones between the territories of two 

major arteries in the brain.30 These lesions can now not only be visualized on ultra-high 

resolution MRI, but also on 3 Tesla MRI, which means this marker is now also applicable to 

be investigated in larger cohort studies.31

The pathogenesis of cerebral damage associated with small vessel disease is not completely 

known; as possible mechanisms chronic hypoperfusion leading to an incomplete infarct and 

an acute occlusion of a small vessel leading to a lacune have been proposed.20 However, 

recent evidence also points in the direction of blood-brain barrier damage due to an increase 

in endothelial permeability.32,33 Endothelial permeability increases with age, but exogenous 

factors such as amyloid accumulation, high blood pressure and also inflammation can 

accelerate this process.34 From a pathological point of view there is evidence for the ischemic 

theory as well as for a contribution of inflammation and blood brain barrier dysfunction 

to the development of WMH.35 Abnormalities are not confined to the WMH, but can also 

be present in normal appearing white matter.35 Indeed, diffusion tensor imaging suggests 

that the normal appearing white matter in patients with small vessel disease can also be 

abnormal36 and higher mean diffusivity of the normal appearing white matter indicating 

loss of white matter integrity is associated with worse executive functioning and lower gait 

performance.37,38

Vascular markers of VCI

Structure of the carotid artery wall

Carotid intima media thickness (CIMT) is a measure of vessel wall thickening that occurs 

in normal aging, but accelerates in patients with hypertension. Higher CIMT is associated 

with a higher risk of new vascular events.39 Carotid diastolic diameter is another measure 

for the structure of the carotid artery wall. With ageing and the incidence of vascular risk 

factors the diameter of the carotid artery increases. A higher carotid diastolic diameter has 

been associated with a higher risk of stroke in the healthy population.40

Cross-sectional as well as prospective data indicate that CIMT is also associated with an 

increased risk of cognitive impairment and dementia.41,42 Both higher CIMT and carotid 

diameter are associated with a higher prevalence of silent brain infarcts and higher volume 

of WMH, but no prospective studies have been conducted.43,44 The mechanism by which 

changes in the wall of the carotid artery might influence VCI include hypoperfusion caused 

by severe stenosis or occlusion of large vessels, or cerebral embolism originating from 

carotid plaques. In addition, carotid wall changes may simply be considered a marker of 

the overall effect of vascular risk factors.
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Aortic and carotid stiffness

Arterial stiffness constitutes a reduction in the ability of large arteries to readily accommodate 

to the increase in blood ejected from the heart during systole. Arterial stiffness can be 

measured centrally either with the carotid-femoral pulse wave velocity or locally with 

distension markers of the carotid or femoral artery. Arterial stiffness increases with age. This 

increase is also associated with vascular risk factors such as hypertension, diabetes mellitus, 

overweight and hyperlipidemia.45 Increased arterial stiffness is an independent risk factor 

for vascular events and mortality46–48 and predicts cognitive decline and dementia.49,50 It has 

also been associated with increased number of silent brain infarcts, WMH and lower grey 

and white matter volume.44,51,52 Arterial stiffness and cognitive decline are possibly related 

by the detrimental effects of the increased pulse pressure on the vascular endothelium.53

symptoms

Cognitive dysfunction

In patients with VCI all cognitive domains may be involved, but there is a preponderance 

for executive functioning.25,54,55 Executive functions enable a person to solve problems, 

to carry out goal-directed plans and to self-monitor behaviour. Examples of executive 

functioning are initiation of behaviour, planning of tasks, ability to switch from subject 

and inhibition of working memory.56 Several brain regions are involved in executive 

functioning. Data suggest that the prefrontal cortex has an important regulating function, 

but also a network consisting of regions in the parietal lobe, thalamus, basal ganglia and 

the connections in the cerebral white matter are involved.56 In patients with VCI damage 

in the form of WMH, strategic infarcts and multiple infarcts can impair the function of 

this network.

Other symptoms

Gait disorders, urge incontinence and depression are other symptoms of patients with VCI. 

The typical gait disorder is a small-step gait with a broad stride width and a severely impaired 

balance.57,58 Freezing of gait is another frequent phenomenon associated with small vessel 

disease.58 In freezing, gait is blocked and patients feel their feet are glued to the ground. 

This typically occurs during turning and initiation of walking, but can also occur in case of 

suddenly meeting an obstacle or in case of distraction of the patient. Patients also have 

a higher risk of falling as a result of the impaired balance and distraction.57,58 The severity 

of the gait disorder seems to correlate with the severity of WMH.57 Urge incontinence and 

urinary urgency are also more frequent in patient with severe WMH than in patients with 

less severe WMH.59 Patients with vascular disease or vascular risk factors have a higher risk 

of depression8 and WMH mainly located in the deep white matter are associated with the 

development of depressive symptoms.60,61
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treatment

Currently, there is no specific treatment for patients with VCI. There is no evidence for the 

effectiveness of antiplatelet therapy in patients with silent lacunar infarcts.11 Patients with 

vascular risk factors have a higher risk of VCI and therefore these risk factors should be 

treated. Both observational 11 and two randomised studies in patients with stroke showed 

that antihypertensive treatment lowered the risk of dementia62 or the risk of dementia 

after recurrent stroke.63 Furthermore, antihypertensive treatment has been found to delay 

the progression of WMH.64 However, the most recent trial in patients with a recent lacunar 

stroke did not show such a beneficial effect on progression.65 For the other risk factors such 

as hyperlipidemia and diabetes mellitus there is no established evidence that treatment of 

these factors prevent dementia.11 The Mediterranean diet has been associated with a better 

cognition and a lower risk of cognitive decline in observational studies.66 Recently, this had 

been confirmed in a recent randomised trial in healthy elderly.67 A 2 year multidomain 

intervention with diet, exercise, cognitive training and vascular risk factor monitoring in 

patients with an increased risk of dementia was associated with less cognitive decline after 

2 years follow-up.68

Physical activity and exercise have also received much attention. Physical inactivity 

potentially contributes to the largest proportion of Alzheimer dementia cases in the USA 

and the third largest worldwide.69 The population attributable risk of Alzheimer dementia 

for physical inactivity was estimated at 13 %, which means that nearly 4.3 million of cases 

worldwide are potentially attributable to physical inactivity.69 Physical activity and exercise 

are associated with less cognitive decline and a lower risk of dementia in observational 

cohorts. In the next paragraph, the evidence regarding the benefits of physical activity and 

exercise is discussed.

BeneFIts oF PhysICAl ACtIVIty And exerCIse

It has been well established that moderate and high levels of physical activity are associated 

with a lower risk of coronary artery disease, stroke and mortality in healthy men and 

women.12–14 Therefore, the current guidelines of the American College of Sports Medicine 

(ACSM) recommend moderate-intensity cardiorespiratory exercise training for at least 30 

minutes on at least 5 days per week, or vigorous-intensity cardiorespiratory exercise training 

for at least 20 minutes on at least 3 week days, or a combination of these activities.70 In 

patients with vascular disease, most evidence for beneficial effects of physical activity exists 

in patients with coronary artery disease. In these patients, a physical exercise program is 

standard care as part of cardiac rehabilitation, and is associated with a reduced mortality.71 

Physical activity has also been associated with a reduction in mortality in the long term.72,73 

But for patients with other manifestations of vascular disease, evidence for beneficial 

effects of physical activity is currently lacking.
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Apart from the effects on vascular risk, physical activity itself has been associated with a 

decreased risk for cognitive decline and dementia.15,16 In healthy elderly individuals, there 

is evidence that a physical exercise program is associated with an improvement in cognitive 

performance.74 A meta-analysis of all prospective cohort studies showed that non-

demented persons with a high level of physical activity had a 38 % lower risk of cognitive 

decline.75 Most of these studies have been performed in healthy older populations. Patients 

with cognitive impairment or vascular disease are at a higher risk of cognitive decline.6,76,77 

A recent meta-analysis in patients with mild cognitive impairment concluded that there is 

limited evidence that exercise improves cognitive function, although published research is 

of moderate quality and inconclusive due to low statistical power.78 In contrary, a cohort 

study in women with vascular disease or multiple vascular risk factors found that physical 

activity was associated with better preservation of cognitive function.79 Another study in 

patients with varying degrees of small vessel disease found a reduction in risk of cognitive 

impairment and dementia with physical activity.80

Several mechanisms for the beneficial effect of physical activity and exercise on cognition 

have been postulated. First, a vascular pathway in which physical activity causes a protective 

effect on vascular risk factors that are known to increase the risk for dementia (e.g. blood 

pressure, diabetes mellitus, and body mass index). Second, it has been suggested that 

exercise training enhances brain plasticity through increased cerebral perfusion and 

upregulation of neuroprotective neurotrophic factors such as brain-derived neurotrophic 

factor (BDNF), a protein strongly linked to neurogenesis and dendritic expansion.81 Two 

randomised controlled trials have demonstrated an increase in hippocampal volumes after 

an exercise program.82,83 Among patients with mild cognitive impairment this was not 

associated with improved memory,83 but among older adults without dementia this change 

was associated with a better memory performance and higher levels of BDNF.82

In patients with a TIA or minor stroke, who are also at risk of cognitive decline and 

dementia, two small randomised controlled trial have assessed the effect of a physical 

exercise program on cognition.84,85 Both randomised controlled trials only included patients 

with a stroke more than 6 months ago.84,85 One study found an improvement in motor 

learning84 and the other found a better global cognitive performance85 in comparison to 

the control group. No randomised controlled trials have been performed in the acute phase 

following a TIA or stroke and more research is needed to confirm and extend these results.
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study PoPulAtIon

The chapters described in this thesis are based on two cohorts. The Second Manifestations 

of ARTerial disease (SMART) study is an ongoing single-center prospective cohort study in 

patients newly referred to the University Medical Center Utrecht for treatment of vascular 

disease or risk factors and patients are screened for additional risk factors and the severity 

of atherosclerosis.86 Between 2001 and 2005, this vascular screening was extended with 

an MRI of the brain in the SMART-MR study.87 Follow-up examinations of the SMART-MR 

took place between 2006 and 2009.

The other cohort is derived from the MoveIT study, a randomised controlled trial initiated 

in the OLVG West (formerly known as the Sint Lucas Andreas Hospital) in Amsterdam to 

examine the effects of a physical exercise program on cognition in patients in the subacute 

phase after TIA or minor ischemic stroke.

outlIne

In Chapter 2, we investigate the association of physical activity and the risk of vascular 

events and mortality in prospective series of patients with vascular disease or vascular risk 

factors. Chapter 3 addresses the cross-sectional and prospective associations between 

physical activity and cognition and markers of small vessel disease in a prospective series 

of patients with vascular disease. The relation of physical fitness with cognition and brain 

structure in patients after a TIA or minor ischemic stroke is examined in Chapter 4. In 

Chapter 5, we examined the association of physical activity with the characteristics of 

the carotid artery wall in patients with vascular disease or risk factors. In Chapter 6, 

we report on the feasibility and safety of a physical exercise program in patients with a 

recent TIA or minor ischemic stroke. In Chapter 7, we describe the study protocol of a 

randomised controlled trial investigating an exercise intervention in patients after a TIA or 

minor ischemic stroke. The physical fitness of patients in the subacute phase after a TIA or 

minor ischemic stroke and determinant are reported in Chapter 8. In Chapter 9, the main 

findings of this thesis are discussed and suggestions for future research are given.
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ABstrACt

Introduction In patients with coronary artery disease (CAD), moderate levels of leisure 

time physical activity are associated with a lower risk of mortality. However, less is known 

about the effects in patients with vascular disease other than CAD. In this study, we 

examined the association between physical activity and risk of future vascular events and 

all-cause mortality in patients with vascular disease or risk factors and investigated whether 

these associations were similar across the different manifestations of vascular disease.

methods A total of 9942 consecutive patients with various manifestations of vascular 

disease or risk factors enrolled in the Second Manifestations of ARTerial disease (SMART) 

study were included. The amount of physical activity was assessed at baseline in metabolic 

equivalent (MET) hours per week.

results The study population (mean age 56.7 years, 67 % male) had a median level of 

physical activity of 17.4 METh/w. During a median follow-up of 6.7 years 1224 vascular 

events and 1353 cases of all-cause mortality were recorded. Cox-regression analyses 

adjusted for age, sex, smoking and current alcohol consumption showed that higher levels 

of physical activity were associated with reduced risk of vascular events (quartile 4 versus 

quartile 1: hazard ratio (HR), 0.68 (95 % confidence interval (CI), 0.58–0.79)) and all-cause 

mortality (HR, 0.61 (95 % CI, 0.53–0.71)). This reduced risk was observed both in patients 

with vascular disease and in patients with risk factors. The associations were similar across 

the different manifestations of vascular disease.

Conclusion Higher levels of leisure time physical activity were associated with a reduced 

risk of vascular events and all-cause mortality in patients with CAD and other manifestations 

of vascular disease, suggesting that physical exercise programs should also be investigated 

in these other manifestations.
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IntroduCtIon

It has been well established that moderate and high levels of physical activity are associated 

with a lower risk of coronary artery disease (CAD), stroke and mortality in healthy men and 

women.1–3 Therefore, the current guidelines of the American College of Sports Medicine 

(ACSM) recommend moderate-intensity cardiorespiratory exercise training for at least 30 

minutes on at least 5 days per week, or vigorous-intensity cardiorespiratory exercise training 

for at least 20 minutes on at least 3 week days, or a combination of these activities.4

In patients with CAD, the beneficial effects of physical activity on mortality have also 

been well demonstrated. A meta-analysis of randomized controlled trials investigating the 

effect of the cardiac rehabilitation program found a significant reduction in mortality in 

patients participating in the cardiac rehabilitation program as compared to those in usual 

care.5 Moreover, in patients with CAD who performed regular physical activity after a 

myocardial infarction, the risk of subsequent mortality, myocardial infarction and stroke 

after 6 months of follow-up was lower than in patients without regular physical activity.6 

Physical activity has also been associated with a reduction in mortality in patients with CAD 

in the long term.7–11

Evidence for beneficial effects of physical activity in patients with cerebrovascular disease 

(CBVD) or an aneurysm of the abdominal aorta (AAA) is currently lacking. In addition, 

exercise programs have only been implemented for patients with CAD and peripheral artery 

disease (PAD).5,12 In the United States, the estimated prevalence of CBVD was 6.8 million.13 

Although, this is approximately half of the prevalence of CAD,13 it is still important to 

investigate the effects of physical activity in this group of patients separately. A number 

of studies, which also included patients with vascular disease other than CAD, reported 

an association between physical activity and reduced mortality and non-fatal vascular 

disease.14–18 However, most studies did not provide information on the different categories 

of vascular disease present in their population.16,18 Moreover, no studies have described the 

benefits of physical activity in patients with CBVD, an AAA or multiple manifestations of 

vascular disease separately.

Furthermore, although benefits of physical activity have been described in patients with 

diabetes and hypertension,19–21 evidence in patients with other risk factors is currently 

lacking and it is not known whether the association of physical activity with vascular events 

and mortality is similar in patients with vascular risk factors or vascular disease.

In this study, we investigated the association of leisure time physical activity with the 

risk of vascular events (the composite endpoint of stroke, myocardial infarction or vascular 

death), all-cause mortality, stroke, ischemic coronary events, vascular death and non-fatal 

vascular events in patients with various manifestations of vascular disease or risk factors. 

We also investigated whether the associations between physical activity and the outcomes 

were similar in patients with vascular disease or risk factors, and across the different 
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manifestations of vascular disease, with an emphasis on patients with CBVD, PAD, AAA 

and multiple manifestations of vascular disease.

methods
Participants

Data were used from patients enrolled in the Second Manifestations of ARTerial disease 

(SMART) study, an ongoing single-center prospective cohort study initiated in 1996. 

Patients newly referred to the University Medical Center Utrecht in The Netherlands 

for treatment of vascular disease or risk factors were invited to participate.22 During a 

1-day visit to our medical center, extensive vascular screening was performed, including 

a physical examination, ultrasonography of the carotid arteries, overnight fasting venous 

blood and urine sampling, assessment of risk factors, medical history, and medication use. 

A written informed consent was obtained from all participants. The study was approved by 

the medical ethics committee of the University Medical Center Utrecht.

For the present study the following vascular disease groups were defined: CAD, CBVD, 

PAD, and AAA. CAD was defined as a history of coronary artery bypass graft surgery, 

percutaneous transluminal coronary angioplasty, or myocardial infarction either previously 

or at inclusion. Patients were considered to have CBVD if they experienced a transient 

ischemic attack or stroke at inclusion or reported a history of stroke. PAD was defined 

as a history of surgery or angioplasty of the arteries supplying the lower extremities, or 

intermittent claudication or pain at rest at inclusion. AAA was defined as AAA (distal 

aortic diameter ≥ 3 cm) at inclusion or previous surgery for AAA. Patients with multiple 

manifestations of vascular disease at baseline were considered as a separate category. 

Vascular disease was defined as the presence of CAD, CBVD, PAD and AAA either 

previously or at inclusion. Vascular risk factors was defined as the presence of risk factors 

for atherosclerosis, including hypertension, diabetes mellitus and hyperlipidemia, but no 

history of vascular disease.

For this current study, 10,128 consecutive patients included between September 1996 

and February 2013 were studied. 186 patients had to be excluded due to missing data for 

physical activity. Therefore, 9942 patients were included in the analysis. In these patients, 

follow-up was complete in 95.5 %.

Physical activity

At baseline, patients completed a questionnaire on their usual pattern of leisure time physical 

activity during a regular week in the past year. A previously validated questionnaire was used 

and one additional question regarding activity in sport was included.23 Patients were asked how 

many hours per week they spent on leisure time physical activities, which included sport (e.g. 
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swimming, running) or other physical activities (e.g. walking, cycling, gardening and leisure 

time physical activity). Housekeeping, and work related physical activity were not included.

To each activity a specific metabolic equivalent (MET) intensity was assigned derived 

from the ‘Compendium of Physical Activity’.24 The MET intensity is based on the rate of 

energy expenditure. One MET represents the energy expenditure for an individual at rest, 

whereas a 10-MET activity requires 10 times the resting energy expenditure (brisk walking 

is estimated to be about 3.5–4.0 METs). For each type of leisure time physical activity, the 

amount per week was calculated by multiplying the time spent on this activity in hours 

per week by the derived MET intensity of the activity, expressed in MET hours per week 

(METh/w). The total amount of physical activity per week was the sum of these values.

Clinical outcomes

Every 6 months patients were asked to complete a questionnaire on hospitalizations and 

outpatient clinic visits. If a possible event was reported by the patient or a relative, the 

hospital discharge letter and the results of relevant laboratory and radiology examinations 

were obtained and evaluated by 3 members of the SMART study Outcome Event Committee. 

Vascular death was defined as death caused by myocardial infarction, stroke, sudden death 

(unexpected coronary death occurring within 1 h after onset of symptoms, or within 24 h 

(given convincing circumstantial evidence)), congestive heart failure, rupture of abdominal 

aortic aneurysm or death from another vascular cause. Stroke was defined as relevant clinical 

features that caused an increase in impairment of at least one grade on the modified Rankin 

scale, with or without a new relevant lesion at brain imaging. Ischemic coronary event was 

defined as myocardial infarction, sudden death or fatal congestive heart failure.

table 1 Definition of outcomes

Event Definition

All-cause mortality Death from any cause

Vascular death Death from stroke, congestive heart failure, myocardial infarction or rupture of 
abdominal aortic aneurysm.
Sudden death: unexpected cardiac death occurring within 1 hour after onset 
of symptoms, or within 24 hours given convincing circumstantial evidence.
Vascular death from other causes

Stroke Relevant clinical features that caused an increase in impairment of at least one 
grade on the modified Rankin scale associated with a relevant infarction or 
bleeding on a repeat brain scan

Ischemic coronary event Myocardial infarction, sudden death or fatal congestive heart failure.

Vascular event A composite of stroke, myocardial infarction and vascular death completed 
with a probable or definite retinal infarction or bleeding.

Non-fatal vascular event A composite of non-fatal stroke and non-fatal myocardial infarction completed 
with a probable or definite retinal infarction or bleeding.



Chapter 2

32

Outcomes of interest for this study were the composite endpoint vascular events, which 

consisted of stroke, myocardial infarction or vascular death, and the endpoint all-cause 

mortality (Table  1). The outcomes vascular death, stroke, ischemic coronary events and 

non-fatal vascular events were also investigated.

Covariates and definitions

Covariates included demographic characteristics (age, sex), medical history and risk 

factors for vascular disease (current smoking, current alcohol use, hypertension, diabetes, 

hyperlipidemia, and body mass index (BMI)). Hypertension was defined as the use of 

blood pressure lowering drugs or blood pressure > 140/90mmHg. Diabetes mellitus was 

defined as a referral diagnosis of diabetes, self-reported diabetes, use of glucose lowering 

agents or glucose ≥ 126 mg/L and glucose lowering therapy within 1 year after inclusion. 

Hyperlipidemia was defined as fasting total cholesterol > 193 mg/L, fasting low-density 

lipoprotein cholesterol > 124 mg/L or lipid lowering drug use. Height and weight were 

measured and the BMI was calculated (kg/m2).

data analysis

We used single imputation methods to reduce missing covariate data for smoking (n = 12 

(< 1 %)), alcohol consumption (n = 21 (< 1 %)), BMI (n = 15 (< 1 %)), hyperlipidemia (n = 36 

(< 1 %)) and hypertension (n = 23 (< 1 %)). Data were analyzed with SPSS version 20.0.

We first calculated baseline characteristics for the total population (n = 9942) and across 

the quartiles of leisure time physical activity. Second, using Cox regression analysis we 

estimated the association of physical activity in quartiles with vascular events and all-cause 

mortality using the first (lowest) quartile of physical activity as the reference group. Follow-

up duration was defined as the period between study inclusion and first occurrence of 

the defined event, date of loss to follow-up, date of death not due to vascular causes or 

end of study (1st of March 2013). Results are expressed as hazard ratios (HR) with 95 % 

confidence intervals (CI). The proportionality assumption was verified with the Schoenfeld 

test and did not seem to be violated for our main outcomes. In model 1, we estimated this 

association adjusted for age and sex. In model 2, we additionally adjusted for smoking and 

current alcohol consumption. In model 3, we additionally adjusted for body mass index, 

presence of diabetes, presence of hypertension and presence of hyperlipidemia as they 

could confound the relation but also be intermediates. To investigate whether there were 

linear trends between the HR values of the quartiles of physical activity, we also considered 

these categories as ordinal variables in the Cox regression analysis.

Third, to investigate whether the presence of vascular disease or risk factors or different 

vascular disease categories influence the association, we stratified for the presence of 

vascular disease or risk factors, and for different categories of vascular disease. For these 

additional analyses we combined the second to fourth quartile of physical activity and used 
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the first quartile as the reference group. We also calculated interaction terms between the 

level of physical activity and vascular disease or risk factor and vascular disease categories 

and considered interaction present if P< = 0.10.

Finally, we performed sensitivity analyses to explore the possibility that the associations 

were due to totally inactive patients, by excluding all patients who reported no physical 

activity at all (n = 1486). The likelihood of reverse causality, referring to the possibility that 

physical inactivity may be the consequence of the severity of the disease rather than the 

cause, was also evaluated. Reverse causality will affect short-term rather than long-term 

results; for that reason, analyses were repeated after exclusion of patients with a follow-up 

of less than 2 years. Secondly, we stratified for the severity of the vascular disease at 

baseline. We defined severe vascular disease (n = 929) as CBVD and a modified Rankin 

Scale (mRS) of 2 or more (n = 105), CAD and three-vessel disease or left main coronary 

artery disease (n = 626), AAA with previous surgery (n = 130), and PAD with Fontaine stage 

3 or 4 (n = 68).

results

At baseline, the mean age of the total population was 56.7 (SD 12.4) years and 67 % of 

patients were male (Table 2). The median level of physical activity in the total population 

was 17.4 METh/w (10–90th percentile 0.0–55.5). In the lowest quartile of physical activity, 

more patients had PAD or diabetes and more patients were current smokers as compared 

with those in the highest quartile. Patients in the highest quartile of physical activity more 

often had CAD and were older than patients in the lowest quartile (Table 2).

During a median follow-up of 6.7 years (10; 90th percentile, 1.4; 13.2) years, 1224 vascular 

events (18 per 1000 person-years (p-y)) and 1353 cases of all-cause mortality (19 per 1000 

p-y) occurred (Table 3). Cox regression analyses adjusted for age, sex, smoking and current 

alcohol consumption showed that a higher level of physical activity was associated with a 

significantly lower risk of recurrent vascular events; the HR (95 % CI) of the highest quartile 

of physical activity versus the lowest quartile was 0.68 (0.58–0.79). For all-cause mortality 

this HR (95 % CI) was 0.61 (0.53–0.71) (Table 3). The relation between physical activity 

and vascular events and mortality was not different after additional adjustment for BMI, 

presence of diabetes, presence of hypertension and presence of hyperlipidemia (Table 3). 

Physical activity was also significantly associated with a reduced risk of vascular death, 

stroke and non-fatal vascular events (Table 4). When we used the norm of 500–1000 MET 

min per week, as recommended by the ACSM, patients who performed physical activity 

according to or above the norm had a lower risk of vascular events and all-cause mortality 

than patients performing below the norm (see Supplemental Figure, showing the hazards 

ratios for mortality and vascular events according to the ACSM norm).
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The reduced risk of recurrent vascular events and all-cause mortality was similar in men 

in women; the HR (95 % CI) for recurrent vascular events of 2nd to 4th quartile of physical 

activity versus the 1st quartile was 0.69 (0.60–0.80) in men and 0.70 (0.55–0.89) in 

women. For all-cause mortality, HR (95 % CI) values were 0.64 (0.56–0.73) in men and 

0.61 (0.48–0.76) in women. The reduced risk of recurrent vascular events and all-cause 

mortality was observed both in patients with vascular disease and in patients with risk 

factors, although the relation between physical activity and the risk of vascular events in 

patients with vascular risk factors was not statistically significant (Figure 1). There was no 

evidence for a difference in risk reduction in patients with vascular disease or risk factors; 

the interaction P-values were higher than 0.50. In patients with CBVD, AAA, PAD and 

multiple manifestations of vascular disease, estimates of the relation between physical 

table 2 Baseline characteristics of the study population

Quartiles of physical activity (range in METh/w)

Total 1
(< 5.9)

2
(5.9–17.4)

3
(17.4–34.2)

4
(> 34.2)

N 9942 2482 2487 2488 2485

Age, years 56.7 (12.4) 56.8 (12.6) 55.5 (12.3) 55.7 (12.7) 58.9 (11.5)

Sex, male (%) 67 64 65 67 72

Measures of physical activity

Physical activity (METh/w)a 17.4
(0.0–304.0)

0.0
(0.0–5.9)

11.4
(5.9–17.4)

24.6
(17.4–34.2)

50.8
(34.2–304.0)

Manifestation at baseline (%)

Vascular risk factors 32 32 36 32 27

Cerebrovascular disease 15 15 15 15 15

Coronary artery disease 33 25 30 35 41

Abdominal aortic aneurysm 3 3 2 2 2

Peripheral artery disease 8 11 8 7 6

Multiple manifestations of 
vascular disease

11 14 10 9 9

Other variables (%)

Hypertensionb 67 69 67 65 68

Diabetesc 19 26 19 18 15

Hyperlipidemiad 78 81 79 75 75

Current smoking 30 42 30 26 22

Current alcohol consumption 52 37 52 57 63

Body mass index (kg/m2) 26.8 (4.4) 27.5 (5.0) 26.9 (4.2) 26.6 (4.2) 26.5 (3.9)

Characteristics presented as mean ± SD, unless otherwise specified.
aMedian (range)
bHypertension defined as blood pressure lowering drug use or blood pressure > 140/90mmHg.
cDiabetes mellitus defined as a referral diagnosis of diabetes, self-reported diabetes, use of glucose low-
ering agents or glucose ≥ 126 mg/L and glucose lowering therapy within 1 year after inclusion. 
dHyperlipidemia defined as fasting total cholesterol > 193 mg/L, fasting low-density lipoprotein choles-
terol > 124 mg/L or lipid lowering drug use.
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activity and vascular events and all-cause mortality were similar in comparison with those 

in patients with CAD (Figure 1). Interactions between the level of physical activity and the 

different categories of vascular disease were not statistically significant. Using CAD as the 

table 3 Hazard ratios for vascular events and all-cause mortality according to level of physical 
activity

Hazard ratio (95 % CI)

n p-y Model 1 Model 2 Model 3 P trend

Vascular events

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 447 17349 1.00 1.00 1.00

2 (5.9–17.4) 269 17061 0.64 (0.55–0.75) 0.72 (0.62–0.84) 0.74 (0.63–0.86)

3 (17.4–34.2) 251 16860 0.58 (0.50–0.68) 0.67 (0.57–0.79) 0.68 (0.59–0.80)

4 (> 34.2) 257 15149 0.56 (0.48–0.65) 0.68 (0.58–0.79) 0.70 (0.59–0.82) < 0.001

All-cause mortality

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 533 18427 1.00 1.00 1.00

2 (5.9–17.4) 290 17768 0.62 (0.53–0.71) 0.69 (0.60–0.80) 0.71 (0.61–0.82)

3 (17.4–34.2) 256 17382 0.53 (0.45–0.61) 0.60 (0.52–0.70) 0.61 (0.52–0.71)

4 (> 34.2) 274 15837 0.51 (0.44–0.59) 0.61 (0.53–0.71) 0.63 (0.54–0.73) < 0.001

Model 1: adjusted for age and sex
Model 2: adjusted for age, sex, smoking status and current alcohol consumption
Model 3: adjusted for age, sex, smoking status, current alcohol consumption, body mass index, presence 
of diabetes, presence of hypertension and presence of hyperlipidemia

vascular events

0.5 1.0

MULTI

PAD

AAA

CBVD

CAD

Vasc. RF

all-cause mortality

0.5 1.0

MULTI

PAD

AAA

CBVD

CAD

Vasc. RF

hazard ratio 2-4th quartile versus 1st quartile of physical activity

Figure 1 Hazard ratios for vascular events and all-cause mortality according to level of physical 
activity in in different categories of vascular disease or risk factors
Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (see 
Supplemental Table 4, for hazard ratios displayed in figure 1).
Vasc. RF vascular risk factors, CBVD cerebrovascular disease, CAD coronary artery disease, AAA aneurysm 
of the abdominal aorta, PAD peripheral artery disease, MULTI multiple manifestations of vascular disease
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reference group, P-values for these interactions were higher than 0.40 for vascular events 

and for mortality.

When patients with no leisure time physical activity (n = 1486) were excluded from the 

analysis, physical activity was still associated with a reduced risk of vascular events and 

all-cause mortality (see Supplemental Table 1, for hazard ratios after excluding patient with 

no leisure time physical activity). In addition, the reduced risks were still observed when 

patients with less than 2 years follow-up were excluded (see Supplemental Table 2, for 

hazard ratios after excluding patients with less than 2 years follow-up). Risk reduction was 

also observed in patients with severe vascular disease (n = 929) and in patients without 

severe vascular disease (see Supplemental Table 3, for hazard ratios in patients with severe 

or without severe vascular disease).

table 4 Hazard ratios for specific vascular outcomes according to level of physical activity

n p-y Hazard ratio (95 % CI) P trend

Stroke

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 131 17874 1.00

2 (5.9–17.4) 84 17480 0.78 (0.59–1.03)

3 (17.4–34.2) 69 17143 0.65 (0.48–0.87)

4 (> 34.2) 70 15563 0.65 (0.48–0.87) 0.001

Ischemic coronary events

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 217 17788 1.00

2 (5.9–17.4) 148 17280 0.82 (0.66–1.01)

3 (17.4–34.2) 137 17072 0.76 (0.61–0.94)

4 (> 34.2) 156 15329 0.87 (0.70–1.07) 0.10

Vascular death

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 282 18427 1.00

2 (5.9–17.4) 140 17768 0.66 (0.53–0.80)

3 (17.4–34.2) 145 17382 0.66 (0.54–0.81)

4 (> 34.2) 128 15837 0.55 (0.44–0.68) < 0.001

Non fatal vascular events

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 244 17349 1.00

2 (5.9–17.4) 171 17061 0.82 (0.67–0.99)

3 (17.4–34.2) 148 16860 0.71 (0.58–0.88)

4 (> 34.2) 161 15149 0.79 (0.64–0.97) 0.007

Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (model 2)
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dIsCussIon

In this large prospective cohort study of almost 10,000 patients with vascular disease or 

vascular risk factors, we observed that a higher level of leisure time physical activity at 

baseline was associated with a strongly reduced risk of new vascular events and all-cause 

mortality during a median of 6.7 years follow-up. Patients who performed a light to 

moderate level of physical activity, such as walking 2–3 hours per week (second quartile of 

physical activity), already had a 28 % lower risk of vascular events and 31 % lower all-cause 

mortality in comparison with patients with less than 2 hours per week (first quartile).

To our knowledge, this is the first prospective cohort study that examined the influence 

of leisure time physical activity on recurrent vascular events and mortality in patients with 

CBVD, AAA and multiple manifestations of vascular disease within one cohort and also 

examined these associations across various manifestations of vascular disease and vascular 

risk factors. Our results show that a higher level of physical activity similarly reduces the risk 

of vascular events and all-cause mortality across all disease groups and indicate that the 

relation of physical activity with a reduction in poor outcome is not restricted to patients 

with CAD. In patients with CBVD and even in patients with multiple manifestation of 

vascular disease, a patient population at a particularly high risk of recurrent vascular events 

and mortality, these associations were significant. The reduced mortality that we found 

in patients with PAD is in line with earlier studies.14,15 In our study, the estimates for new 

vascular event in patients with PAD and the estimates in patients with AAA were similar to 

patients with CAD, but the CI were broader and not significant probably because of the 

smaller number of patients in these groups. No studies have previously investigated the 

effect of physical activity in patients with AAA. However, before an elective operation for 

AAA, a lower exercise capacity, which is presumably associated with less physical activity, 

was associated with a higher mortality.25 These same associations have been observed in 

patients with CAD and PAD.26,27

The risk reductions of 20–30 % that we found for light or moderate levels of physical 

activity are in line with earlier studies in patients with CAD.8,10,11 In addition, we observed 

that increasing levels of physical activity (third and fourth quartile) were associated with a 

further risk reduction of less than 10 %. This additional risk reduction was relatively small 

compared with the difference between first and second quartile and did not change after 

the third quartile. With respect to the association between increasing levels of physical 

activity and mortality, conflicting results in patients with CAD have been found. One study 

found a higher risk of cardiovascular mortality in daily active patients in comparison with 

that in patients who were active 2–4 times a week.11 However, our results agree with other 

studies that also found a further risk reduction of around 10–20 % with increasing levels 

of physical activity.8,10,16



Chapter 2

38

The reduced risk of vascular events and mortality associated with physical activity may 

partially be attributed to its effects on the traditional risk factors for vascular disease, 

as it improves the lipid profile,28 lowers blood pressure,29 and improves glycemic control 

and insulin resistance.30 It has also been postulated that the positive effects of physical 

activity are mainly caused by its direct effects on the vasculature function and structure.31 

In the present study, we found no evidence for an intermediate effect of the traditional 

risk factors on the relation between physical activity and vascular events and mortality, 

suggesting that the indirect effect through traditional risk factors may not be the main 

mechanism and other mechanisms such as direct effects on the vasculature may be more 

important.

The found associations may have been caused by the severity of disease in those who are 

physically inactive and not by physical activity itself. After excluding patients without any 

leisure time physical activity, the associations remained significant. In addition, exclusion 

of patients with less than 2 years follow-up and stratified analyses for the severity of the 

vascular disease resulted in only minor differences in the association with physical activity.

Major strengths of our study are the large study population, the prospective design, the 

nearly complete follow-up and the intense monitoring of outcomes, which allowed us to 

precisely investigate the association of physical activity with the study outcomes. Second, 

the information on manifestations of vascular disease at baseline allowed us to investigate 

this association in these different disease categories. Third, extensive information on 

risk factors allowed us to investigate whether this association was independent of these 

possible confounders.

Our study also has several limitations. First, physical activity was measured by a self-

report questionnaire, which can be biased by the recall of patients and social desirability.32 

This could have lead to misclassification, especially in the most physically active group and 

this could have lead to an underestimation of the benefits of physical activity. However, 

we tried to minimize this by using a validated questionnaire.23 Second, the MET value 

used in the calculation was established using primarily middle-aged persons, and reflect 

an absolute intensity level, without taking relative intensity into account. Relative intensity 

may be a better predictor, as low levels of absolute intensity may be a high relative 

intensity in persons with poor cardiorespiratory fitness. Indeed, in older men, the relative 

intensity of physical activity was a stronger predictor of lower CHD rates than absolute 

intensity (METS).33 Third, physical activity was only assessed at baseline and some of the 

participants may have changed their level of physical activity, which leads to a higher 

probability of misclassification. In approximatly 20 % of patients with CAD, changes have 

been reported.7,9–11

In summary, in this large cohort of patients with various manifestations of vascular disease 

or vascular risk factors, light to moderate levels of leisure time physical activity were already 

associated with a significantly reduced risk of recurrent vascular events and mortality. This 
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association was not restricted to patients with CAD, but was also observed in patients with 

CBVD, AAA, PAD, and in patients with multiple manifestations of vascular disease. These 

results support the recommendations on physical activity in patients with vascular disease. 

These recommendations apply similarly to patients with CAD, CBVD, PAD and AAA. These 

results also indicate that the cardiac rehabilation program, which is offered to patients with 

CAD, should also be investigated in patients with other manifestations of vascular disease.



Chapter 2

40

reFerenCes
 1. Lee CD, Folsom AR, Blair SN. Physical activity and stroke risk: a meta-analysis. Stroke 

2003;34:2475–2481.

 2. Woodcock J, Franco OH, Orsini N, Roberts I. Non-vigorous physical activity and all-cause 

mortality: systematic review and meta-analysis of cohort studies. Int J Epidemiol 2011;40:121–

138.

 3. Sattelmair J, Pertman J, Ding EL, Kohl HW, Haskell W, Lee I-M. Dose Response Between Physical 

Activity and Risk of Coronary Heart Disease: A Meta-Analysis. Circulation 2011;124:789–795.

 4. Garber CE, Blissmer B, Deschenes MR, et al. Quantity and Quality of Exercise for Developing 

and Maintaining Cardiorespiratory, Musculoskeletal, and Neuromotor Fitness in Apparently 

Healthy Adults. Med Sci Sports Exerc 2011;43:1334–1359.

 5. Taylor RS, Brown A, Ebrahim S, et al. Exercise-based rehabilitation for patients with coronary 

heart disease: systematic review and meta-analysis of randomized controlled trials. Am J Med 

2004;116:682–692.

 6. Chow CK, Jolly S, Rao-Melacini P, Fox KAA, Anand SS, Yusuf S. Association of diet, exercise, and 

smoking modification with risk of early cardiovascular events after acute coronary syndromes. 

Circulation 2010;121:750–758.

 7. Wannamethee SG, Shaper AG, Walker M. Physical Activity and Mortality in Older Men With 

Diagnosed Coronary Heart Disease. Circulation 2000;102:1358–1363.

 8. Moholdt T, Wisløff U, Nilsen TIL, Slørdahl SA. Physical activity and mortality in men and women 

with coronary heart disease: a prospective population-based cohort study in Norway (the HUNT 

study). Eur J Cardiovasc Prev Rehabil 2008;15:639–645.

 9. Steffen-Batey L, Nichaman MZ, Goff DC, et al. Change in Level of Physical Activity and 

Risk of All-Cause Mortality or Reinfarction: The Corpus Christi Heart Project. Circulation 

2000;102:2204–2209.

 10. Gerber Y, Myers V, Goldbourt U, Benyamini Y, Scheinowitz M, Drory Y. Long-term trajectory of 

leisure time physical activity and survival after first myocardial infarction: a population-based 

cohort study. Eur J Epidemiol 2010;26:109–116.

 11. Mons U, Hahmann H, Brenner H. A reverse J-shaped association of leisure time physical activity 

with prognosis in patients with stable coronary heart disease: evidence from a large cohort 

with repeated measurements. Heart 2014;100:1043–1049.

 12. Parmenter BJ, Dieberg G, Smart NA. Exercise training for management of peripheral arterial 

disease: a systematic review and meta-analysis. Sports Med 2015;45:231–244.

 13. Go AS, Mozaffarian D, Roger VL, et al. Heart Disease and Stroke Statistics--2013 Update: A 

Report From the American Heart Association. Circulation 2013;127:e6–e245.

 14. Garg PK. Physical Activity During Daily Life and Mortality in Patients With Peripheral Arterial 

Disease. Circulation 2006;114:242–248.

 15. Gardner AW, Montgomery PS, Parker DE. Physical activity is a predictor of all-cause mortality 

in patients with intermittent claudication. J Vasc Surg 2008;47:117–122.

 16. Franco OH, de Laet C, Peeters A, Jonker J, Mackenbach J, Nusselder W. Effects of physical 

activity on life expectancy with cardiovascular disease. Arch Intern Med 2005;165:2355–2360.

 17. Hamer M, Stamatakis E. Physical activity and mortality in men and women with diagnosed 

cardiovascular disease. Eur J Cardiovasc Prev Rehabil 2009;16:156–160.

 18. Shibata Y, Hayasaka S, Yamada T, et al. Physical Activity and Risk of Fatal or Non-Fatal 

Cardiovascular Disease Among CVD Survivors. Circ J 2011;75:1368–1372.



41

Physical activity, vascular events and mortality

2

 19. Sluik D, Buijsse B, Muckelbauer R, et al. Physical Activity and Mortality in Individuals With 

Diabetes Mellitus: A Prospective Study and Meta-analysis. Arch Intern Med 2012;172:1285–

1295.

 20. Kodama S, Tanaka S, Heianza Y, et al. Association Between Physical Activity and Risk of 

All-Cause Mortality and Cardiovascular Disease in Patients With Diabetes A meta-analysis. 

Diabetes Care. Am Diabetes Assoc 2013;36:471–479.

 21. Hu G, Jousilahti P, Antikainen R, Tuomilehto J. Occupational, Commuting, and Leisure-

Time Physical Activity in Relation to Cardiovascular Mortality Among Finnish Subjects With 

Hypertension. Am J Hypertens 2007;20:1242–1250.

 22. Simons PC, Algra A, van de Laak MF, Grobbee DE, van der Graaf Y. Second manifestations of 

ARTerial disease (SMART) study: rationale and design. Eur J Epidemiol 1999;15:773–781.

 23. Pols MA, Peeters PH, Ocké MC, Slimani N, Bueno-de-Mesquita HB, Collette HJ. Estimation 

of reproducibility and relative validity of the questions included in the EPIC Physical Activity 

Questionnaire. Int J Epidemiol. 1997;26 Suppl 1:S181–S189.

 24. Ainsworth BE, Haskell WL, Whitt MC, et al. Compendium of physical activities: an update of 

activity codes and MET intensities. Med Sci Sports Exerc 2000;32:S498.

 25. Hartley RA, Pichel AC, Grant SW, et al. Preoperative cardiopulmonary exercise testing and risk 

of early mortality following abdominal aortic aneurysm repair. Br J Surg 2012;99:1539–1546.

 26. Leeper NJ, Myers J, Zhou M, et al. Exercise capacity is the strongest predictor of mortality in 

patients with peripheral arterial disease. J Vasc Surg 2013;57:728–733.

 27. Morris CK, Ueshima K, Kawaguchi T, Hideg A, Froelicher VF. The prognostic value of exercise 

capacity: a review of the literature. Am Heart J 1991;122:1423–1431.

 28. Halbert JA, Silagy CA, Finucane P, Withers RT, Hamdorf PA. Exercise training and blood lipids 

in hyperlipidemic and normolipidemic adults: a meta-analysis of randomized, controlled trials. 

Eur J Clin Nutr 1999;53:514–522.

 29. Whelton SP, Chin A, Xin X, He J. Effect of aerobic exercise on blood pressure: a meta-analysis 

of randomized, controlled trials. Ann Intern Med 2002;136:493.

 30. Brouwer BG, van der Graaf Y, Soedamah-Muthu SS, Wassink AMJ, Visseren FLJ. Leisure-time 

physical activity and risk of type 2 diabetes in patients with established vascular disease or 

poorly controlled vascular risk factors. Diabetes Res Clin Pract 2010;87:372–378.

 31. Thijssen DHJ, Maiorana AJ, O’Driscoll G, Cable NT, Hopman MTE, Green DJ. Impact of inactivity 

and exercise on the vasculature in humans. Eur J Appl Physiol 2010;108:845–875.

 32. Le Grande MR, Elliott PC, Worcester MUC, Murphy BM, Goble AJ. An evaluation of self-report 

physical activity instruments used in studies involving cardiac patients. J Cardiopulm Rehabil 

Prev 2008;28:358–369.

 33. Lee I-M, Sesso HD, Oguma Y, Paffenbarger RS. Relative Intensity of Physical Activity and Risk of 

Coronary Heart Disease. Circulation 2003;107:1110–1116.



Chapter 2

42

vascular events

0.5 1.0

more

norm

less

ph
ys

ic
al

 a
ct

iv
ity

: t
he

 n
or

m
 o

f t
he

 A
C

SM
all-cause mortality

0.5 1.0

more

norm

less

hazard ratio

P trend <0.001 P trend <0.001

supplemental Figure Figure Hazard ratios for vascular events and all-cause mortality according 
to the ACSM’s norms of physical activity
ACSM, American College of Sports Medicine.
Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption.

supplemental table 1 Table Hazard ratios for vascular events and all-cause mortality according 
to level of physical activity after excluding patients without any physical activity

n p-y HR (95 % CI) P trend

Vascular events

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 135 6466 1.00

2 (5.9–17.4) 269 17061 0.80 (0.65–0.98)

3 (17.4–34.2) 251 16860 0.74 (0.60–0.91)

4 (> 34.2) 257 15149 0.75 (0.61–0.93) 0.02

All-cause mortality

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 144 6790 1.00

2 (5.9–17.4) 290 17768 0.83 (0.68–1.01)

3 (17.4–34.2) 256 17382 0.72 (0.58–0.88)

4 (> 34.2) 274 15837 0.73 (0.60–0.90) 0.002

Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (model 2)
METh/w, metabolic equivalent hours per week; p-y, person-years; HR, hazard ratio; CI, confidence in-
terval.
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supplemental table 2 Table Hazard ratios for vascular events and all-cause mortality according 
to level of physical activity after excluding patients with events in the first 2 years

n p-y HR (95 % CI) P trend

Vascular events

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 323 12781 1.00

2 (5.9–17.4) 190 12471 0.70 (0.58–0.84)

3 (17.4–34.2) 187 12259 0.69 (0.57–0.83)

4 (> 34.2) 188 10619 0.71 (0.59–0.85) < 0.001

All-cause mortality

Quartiles of physical activity (range in METh/w)

1 (< 5.9) 437 13764 1.00

2 (5.9–17.4) 239 13116 0.69 (0.59–0.81)

3 (17.4–34.2) 221 12726 0.63 (0.54–0.75)

4 (> 34.2) 238 11246 0.66 (0.56–0.78) < 0.001

Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (model 2)
METh/w, metabolic equivalent hours per week; p-y, person-years; HR, hazard ratio; CI, confidence interval.

supplemental table 3 Table Hazard ratios for vascular events and all-cause mortality according 
to level of physical activity in severe and non-severe vascular disease

Vascular events All-cause mortality

Quartiles 
of physical 
activity

n p-y HR (95 % CI) n p-y HR (95 % CI)

Severe vascular disease

1 (< 5.9) 51 1132 1.00 60 1273 1.00

2 (5.9–17.4) 24 1141 0.54 (0.33–0.88) 30 1187 0.64 (0.41–0.99)

3 (17.4–34.2) 25 1125 0.60 (0.37–0.98) 22 1171 0.53 (0.32–0.88)

4 (> 34.2) 35 1502 0.62 (0.39–0.97) 33 1562 0.54 (0.35–0.85)

Non-severe vascular disease

1 (< 5.9) 323 9588 1.00 385 10343 1.00

2 (5.9–17.4) 193 8691 0.75 (0.62–0.90) 209 9210 0.72 (0.61–0.85)

3 (17.4–34.2) 181 8752 0.67 (0.56–0.81) 196 9116 0.63 (0.53–0.76)

4 (> 34.2) 180 8368 0.67 (0.55–0.81) 195 8904 0.61 (0.51–0.73)

Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (model 2)
METh/w, metabolic equivalent hours per week; p-y, person-years; HR, hazard ratio; CI, confidence in-
terval.
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supplemental table 4 Table Hazard ratios for vascular events and all-cause mortality according 
to level of physical activity in different categories of vascular disease or risk factors

Vascular events All-cause mortality

Level of physical activity n p-y HR (95 % CI) n p-y HR (95 % CI)

Vasc. RF 1st quartile 61 5958 1.00 77 6123 1.00

2–4 quartile 109 16376 0.80 (0.58–1.10) 110 16675 0.66 (0.49–0.89)

CAD 1st quartile 100 4352 1.00 94 4601 1.00

2–4 quartile 249 16548 0.72 (0.57–0.92) 200 17324 0.59 (0.46–0.76)

CVD 1st quartile 81 2481 1.00 88 2731 1.00

2–4 quartile 117 6922 0.61 (0.45–0.81) 135 7251 0.74 (0.56–0.98)

AAA 1st quartile 26 451 1.00 33 504 1.00

2–4 quartile 42 1171 0.63 (0.39–1.04) 57 1209 0.68 (0.44–1.06)

PAD 1st quartile 50 2038 1.00 80 2182 1.00

2–4 quartile 72 3854 0.81 (0.56–1.18) 107 4037 0.72 (0.53–0.96)

MULTI 1st quartile 129 2067 1.00 161 2284 1.00

2–4 quartile 188 4198 0.71 (0.56–0.89) 211 4490 0.64 (0.52–0.79)

Cox regression model, adjusted for age, sex, smoking status and current alcohol consumption (model 2)
Vasc. RF, vascular risk factors; CVD, cerebrovascular disease; CAD, coronary artery disease; AAA, aneu-
rysm of the abdominal aorta; PAD, peripheral artery disease; MULTI, multiple manifestations of vascular 
disease; p-y, person-years; HR, hazard ratio; CI, confidence interval.
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ABstrACt

objective We aimed to examine the cross-sectional and prospective relationship between 

leisure time physical activity, brain MRI abnormalities and cognitive performance in patients 

with vascular disease.

methods Within the SMART-MR study, 1.5T MRI of the brain and neuropsychological 

examinations were performed at baseline (n = 1232) and after 3.9±0.4 years follow-up 

(n  =  663). Automatic brain segmentation was used to quantify intracranial (ICV), total 

brain, ventricular, and white matter lesion (WML) volumes. Brain infarcts were rated visually. 

Level of physical activity was expressed in metabolic equivalents (MET) hours p/week. With 

linear regression analysis we examined associations of level of physical activity with brain 

MRI measures and with cognitive performance, adjusted for potential confounders. For the 

association with brain infarcts relative risks (RR) were calculated with Poisson regression.

results At baseline, an increase in physical activity of one SD (39.7 METh/w) was 

significantly associated with larger total brain volume (B = 0.20 % of ICV (95 %CI 0.06; 

0.33 %). A trend was found for the association of physical activity with smaller ventricular 

volume (B=-0.04 % ICV; 95 %CI -0.09; 0.02 %) and with a decreased risk for brain infarcts 

(RR  =  0.91, 95 %CI: 0.82–1.02). No association was found with smaller WML volume 

(B=-0.02 %; 95 %CI -0.07; 0.04). No associations with change in brain structures over time 

were observed. Also, no associations between physical activity and cognitive performance 

or cognitive decline were found.

Conclusion These data suggest that leisure time physical activity does not have a significant 

contribution in preventing or slowing down brain abnormalities and cognitive decline in 

this cohort of middle-aged individuals already burdened with vascular disease.
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IntroduCtIon

Patients with cardiovascular disease or cardiovascular risk factors (e.g. hypertension and 

diabetes) have an increased risk for cognitive decline and dementia.1–4 In these patients, 

brain atrophy and vascular brain lesions are common findings on brain MRI.5,6 According to 

the World Health Organization (WHO), 35.6 million people have dementia worldwide, with 

7.7 million new cases every year (WHO website, April 2012). With dementia becoming 

a major health problem, it is important to search for strategies to prevent the risk of 

cognitive decline and dementia. Recently, physical inactivity was suggested as a potentially 

modifiable risk factor for Alzheimer Dementia (AD).7 The population attributable risk for 

physical inactivity, the percent of cases with AD attributable to physical inactivity, was 

estimated at 12,7 % worldwide. Therefore a 10 % reduction in the prevalence of physical 

inactivity could potentially prevent about 380.000 AD cases worldwide.7

Previous studies that investigated the association between physical activity and brain 

atrophy were mostly conducted in the general population, with cross-sectional designs. 

They found associations of physical activity on total brain and gray matter volume.8–11 

Associations with vascular brain lesions, such as white matter lesions (WMLs), have shown 

conflicting results. Whereas some did not find associations between physical activity and 

WML volume,9,12 others did.11,13 The majority of the studies investigating the association 

between physical activity and brain MRI abnormalities, had MRI data available at one 

point in time. To the best of our knowledge only two studies previously investigated the 

association between physical activity and MRI abnormalities prospectively. One study found 

no relation between physical activity and progression of WML volume.14 Another study 

assessed the association of physical activity with change in local brain atrophy measures 

and only found an association with suppressed frontal lobe atrophy in men, not in women 

and only when comparing the highest and lowest quintile of physical activity.15 Therefore, 

the prospective association of physical activity with change in other key markers of brain 

MRI abnormalities (e.g. brain infarcts and global brain atrophy) remains largely unknown.

Several studies investigated the association between physical activity and cognitive decline 

and found accumulating evidence for a protective role of physical activity on cognitive 

decline.16–18 Most of these studies have been performed in healthy older populations. 

Until now, only one cohort study has investigated the association of physical activity with 

cognition in elderly women with cardiovascular disease or multiple vascular risk factors 

and has found that physical activity was associated with better preservation of cognitive 

function.19 However, more research is needed to confirm and extend these results.

In this study, we examined the cross-sectional and prospective relationship between 

physical activity and structural brain abnormalities on MRI (i.e. brain atrophy and vascular 

brain lesions), and cognitive functioning in a population of patients with vascular disease.
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methods
smArt-mr study

Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance 

(SMART-MR) study, a prospective cohort study aimed to investigate brain changes on MRI 

in 1309 independently living patients with symptomatic atherosclerotic disease. Details of 

the design and participants have been described elsewhere.5

In brief, between May 2001 and December 2005, all patients newly referred to the 

University Medical Center Utrecht with manifest coronary artery disease, cerebrovascular 

disease, peripheral arterial disease or an abdominal aortic aneurysm, and without 

MR contraindications were invited to participate. Neuropsychological assessment was 

introduced in the SMART-MR study in January 2003 and was performed on the same 

day as the MRI and other investigations. Between January 2006 and May 2009, all 

participants still alive were invited for follow-up measurements, including MRI of the 

brain and neuropsychological assessment. The SMART-MR study was approved by the 

ethics committee of our institution and written informed consent was obtained from all 

participants.

Physical activity

Patients completed a questionnaire on their usual pattern of leisure-time physical activity 

during a regular week in the past year. The short version of a previously validated 

questionnaire was used and one additional question regarding activity in sports was 

included.20 Patients were asked how many hours per week they spent on leisure-time 

physical activities, which included sport (e.g. swimming, running) or other physical activities 

(e.g. walking, cycling, gardening and leisure-time physical activity). Housekeeping, and 

work related physical activity were not included.

To each activity a specific metabolic equivalent (MET) intensity was assigned derived 

from the ‘Compendium of Physical Activity’.21 The MET intensity is based on the rate of 

energy expenditure. One MET represents the energy expenditure for an individual at rest, 

whereas a 10-MET activity requires 10 times the resting energy expenditure (brisk walking 

is estimated to be about 3.5–4.0 METs). For each type of leisure-time physical activity the 

amount per week was calculated by multiplying the time spent on this activity in hours 

per week by the derived MET intensity of the activity, expressed in MET hours per week 

(METh/w). The total amount of physical activity per week was the sum of these values.

Brain volumes and vascular brain lesions

MRI investigations were performed on a 1.5 Tesla whole-body system (Gyroscan ACS-NT, 

Philips Medical Systems, Best, The Netherlands). The MRI protocol and brain segmentation 

method has been described elsewhere.5,22,23 Total brain volume was calculated by summing 

the volumes of gray and white matter and, if present, the volumes of WMLs and infarcts. 
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All volumes cranial to the foramen magnum were included. As a result, the total brain 

volume includes the cerebrum, brainstem en cerebellum. Total intracranial volume (ICV) 

was calculated by summing the total brain volume and the volumes of sulcal and ventricular 

CSF. Total brain and ventricular volume were normalized for ICV and were expressed as 

brain parenchymal fraction and ventricular fraction (% of ICV).

At baseline and follow-up infarcts were visually rated by an investigator and 

neuroradiologist, blinded to clinical characteristics and were re-evaluated in a consensus 

meeting. Volumes of WMLs obtained with the segmentation program consisted of 

periventricular and deep lesions and were summed to obtain the total volume of WMLs. 

WML volumes were normalized for ICV and natural log transformed.

neuropsychological assessment

At baseline and follow-up, memory and executive functioning was assessed with 

neuropsychological tests, sensitive to mild impairments as described earlier.24 Composite 

z-scores for these domains were calculated. The composite score for memory included 

immediate and delayed recall of the 15-word learning test (a modification of the Rey 

Auditory Verbal Learning test),25 and the delayed recall of the Rey-Osterrieth Complex 

figure test.26 The composite score for executive function included the Visual Elevator test,27 

the Brixton Spatial Anticipation test28 and the Verbal Fluency test (letter N for baseline 

and letter A for follow-up, 1 minute time frame).29 Composite z-scores were computed by 

converting raw scores to standardized z-scores and averaging them across all subtests per 

domain. Before calculating z-scores, the scores of the Visual Elevator Test and the Brixton 

Spatial Anticipation test were multiplied by minus one so that lower scores represented 

poorer performance. The composite z-scores at follow-up were calculated by using the 

means and standard deviations of the baseline test scores.

Covariates

Premorbid intellectual functioning was assessed using the Dutch version of the National 

Adult Reading Test (DART).30 Educational level was divided into seven categories, graded 

from primary school (more or less six years of education) to academic degree (more or 

less 16 years of education), according to the Dutch educational system. An overnight 

fasting venous blood sample was taken to determine lipid and glucose levels. Height and 

weight were measured without shoes and heavy clothing, and body mass index (BMI) was 

calculated (kg/m2). Systolic and diastolic blood pressure (mmHg) were measured twice in 

supine position with sphygomomanometer and averaged. Diabetes Mellitus at was defined 

as a known history of diabetes, self-reported or registered glucose-lowering therapy, or 

glucose ≥  11.1 mmol/L. Patients not meeting these criteria, but with a fasting plasma 

glucose level ≥ 7.0 mmol/L at baseline, were considered to have diabetes if they received 
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treatment with glucose-lowering agents within 1 year after baseline. Pack-years of smoking 

was calculated, and alcohol intake was categorized into never, former and current.

study sample

Of the 1309 patients at baseline, 19 had no MRI, 14 had no FLAIR sequence, and in 44 

patients brain volume data were missing due to motion or artefacts. As a result, cross-

sectional analyses of physical activity and baseline brain MRI abnormalities were performed 

in 1232 patients. Of the 1232 patients with available MRI data at baseline, 718 patients 

participated in the follow-up examination (n  =  16 lost to follow-up, n  =  432 refused, 

n = 66 died). Of these, 38 had no MRI, and in 17 patients brain volume data were missing 

due to motion or artefacts. As a result, associations between physical activity at baseline 

and changes in brain MRI structures over time were performed in 663 patients. Since 

neuropsychological assessment was introduced later in the study, cross-sectional analyses 

of physical activity and cognitive performance could be performed in 831 patients. Analyses 

of physical activity at baseline and cognitive decline were performed in 473 patients with 

available data on neuropsychological testing both at baseline and follow-up.

data analysis

We used multiple imputation (10 datasets)31 to address missing values in the 1232 patients 

included at baseline, using the statistical programme R (AregImpute). Data were analysed 

using IBM SPSS Statistics version 20.0 (IBM, New York, NY, USA), by pooling the 10 imputed 

datasets. Baseline characteristics were calculated for the study sample of 1232 patients 

with brain MRI data available at baseline.

Cross-sectional association of physical activity, brain MRI abnormalities and 

cognitive performance

Linear regression analysis was used to investigate the cross-sectional associations 

between physical activity (per SD increase), and brain MRI abnormalities and cognitive 

performance. Models were adjusted for age, sex, and educational level (associations with 

cognitive performance were additionally adjusted for DART-score) (model 1). We also 

used analysis of covariance (ANCOVA) to calculate adjusted means of brain volumes and 

cognitive performance across quartiles of physical activity. For the association between 

physical activity at baseline and presence of brain infarcts we used Poisson regression 

models with log-link function and robust standard errors to estimate relative risks (RR) and 

accompanying confidence intervals (CI) rather than odds ratios which overestimate the 

relative risk, particularly for outcomes that are common (> 10 %).32,33

To examine if the cross-sectional associations were different in the group with and 

without follow-up examinations, we repeated the analyses in these groups separately.
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Prospective association of physical activity, changes in brain MRI abnormalities 

and cognitive decline

To investigate prospective associations between baseline physical activity (per SD increase) 

and change in brain MRI abnormalities and cognitive decline we used linear regression 

models with brain volume or cognitive performance at follow-up as the dependent 

variable and physical activity and brain volume or cognitive performance at baseline as the 

independent variables. Models were adjusted for age, sex, educational level, and follow-

up time (associations with cognitive decline were additionally adjusted for DART-score) 

(model 1). Results were visualized by calculating adjusted mean of change in brain volumes 

and cognitive decline across quartiles of physical activity. For the association between 

baseline physical activity and risk of new brain infarcts we used Poisson regression models 

as described above. New brain infarcts were calculated by subtracting the number of 

infarcts at baseline from the number of infarcts at follow-up. This number of infarcts was 

dichotomized for analyses as no new infarcts (≤ 0) and ≥ 1 new brain infarct at follow-up.

All abovementioned associations were additionally adjusted for cardiovascular risk factors 

(smoking, alcohol use, body mass index, systolic and diastolic blood pressure, diabetes, and 

hyperlipidemia) (model 2).

results

Mean (±SD) age of the study population at baseline was 58 (±10) years and the majority 

was men (80 %) (table  1). The median (10–90th percentile) level of physical activity was 

35 (0–97) METh per week. The mean SD follow-up duration was 3.9 (±0.4) years after 

baseline. Baseline and follow-up measures of brain volumes and neuropsychological tests 

are presented in supplemental table 1. Mean (±SD) change in brain volumes as percentage 

of ICV between baseline and follow-up was -0.98 % (±1.07) for total brain volume, -0.19 % 

(±0.28) for ventricular volume, and 0.09 % (±0.71) for logtransformed WML volume. There 

were 82 patients with new brain infarcts at follow-up. Mean (±SD) change in z-score of 

cognitive performance between baseline and follow-up was 0.26 (±0.68) for memory 

performance and 0.17 (±0.77) for executive functioning. Compared with patients without 

follow-up examination (n = 569), those with follow-up measurements on MRI (n = 663) 

were on average younger (mean age 57 vs. 60 years), had lower systolic (140 vs. 144 mmHg) 

and diastolic (81 vs. 83 mmHg) blood pressure, had less often PAD (18 % vs. 26 %) and 

AAA (6 % vs. 12 %) and had less often diabetes mellitus (13 % vs. 19 %). For the other 

baseline characteristics there was no difference between patients with and without follow-

up examination.
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Cross-sectional association of physical activity, brain mrI abnormalities 
and cognitive performance

An increase in physical activity of one SD (39.7 METh/w) was significantly associated with 

larger total relative brain volume (B = 0.20 % of ICV; 95 %CI = 0.06; 0.33) (model 1) (table 2). 

A trend was found for the association of physical activity and smaller relative ventricular 

volume (B=-0.04 % of ICV; 95 %CI=-0.09; 0.02) (model 1) (table 2). Additionally adjusting for 

cardiovascular risk factors slightly attenuated the effect estimates (table 2). Physical activity 

was not significantly associated with WML volume. Figure 1 shows adjusted means of total 

brain volume, ventricular volume and WML volume across quartiles of physical activity. A 

trend was found for the association of physical activity with a decreased risk for brain infarcts 

(RR 0.91; 95 % CI 0.82; 1.02) (model 1). An increase in physical activity of one SD (40.3 

METh/w) was not associated with better memory performance or executive function (z-score) 

(B = 0.00, 95 %CI -0.06; 0.06; and B = 0.02, 95 %CI -0.04; 0.08 respectively) (Table 2).

table 1 Baseline characteristic of study sample (n = 1232)

Total study sample (n = 1232)

Age (years) 59 ± 10

Gender (% male) 80 %

Level of education (range 1–7)† 3 (1–6)

Dutch Adult Reading Test score† 82 (56–96)

Follow-up time (years) 3.9 ± 0.4

Physical activity (METhs per week)† 35 (0–97)

Vascular disease categories:

Coronary artery disease (%) 59 %

Peripheral arterial disease (%) 22 %

Cerebrovascular disease (%) 23 %

Abdominal aortic aneurysm (%) 9 %

Vascular risk factors:

Body Mass Index (kg/m2) 27 ± 4

Systolic blood pressure (mmHg) 142 ± 21

Diastolic blood pressure (mmHg) 82 ± 11

Pack-years smoking† 19 (0–50)

Alcohol intake (% current) 75 %

Hyperlipidemia (%) 79 %

Diabetes Mellitus (%) 16 %

Measures of brain volumes

Total brain volume (%ICV) 79 ± 2.8

Ventricular volume (%ICV) 2.13 ± 0.98

White matter lesion volume (ln; %ICV) -2.1 ± 1.1

† Median (10th-90th percentile)
Percentage of missing values before imputation: educational level (38.1 %), DART-score (37.5 %), BMI 
(0.2 %), systolic blood pressures (0.1 %), diastolic blood pressure (0.1 %), hyperlipidemia (1.5 %), alcohol 
(0.6 %), smoking (0.6 %), presence of diabetes mellitus (0.6 %), all other variables 0.0 %
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Figure 1 Mean brain volumes across quartiles of physical activity
Adjusted means (SEM) of total brain volume, ventricular volume and logtransformed white matter le-
sion volume per quartile of physical activity (METh/w). All brain volumes are expressed relative to intra-
cranial volume. Analyses are adjusted for age, sex, and educational level. WML = white matter lesion; 
ICV=intracranial volume; METh/w=MET hours per week.

table 2 Cross-sectional associations between physical activity and brain MRI abnormalities and 
cognitive performance

Difference in brain volume (%ICV)
(n = 1232)

Brain volumes Model B (95 % CI)

Total brain volume (% ICV)
per SD increase in physical activity

1 0.20 (0.06; 0.33)

2 0.15 (0.02; 0.28)

Ventricular volume (% ICV)
per SD increase in physical activity

1 -0.04 (-0.09; 0.02)

2 -0.04 (-0.10; 0.01)

WML (ln) volume (% ICV)
per SD increase in physical activity

1 -0.02 (-0.07; 0.04)

2 -0.02 (-0.07; 0.05)

Difference in cognition (z-score)
(n = 831)

Cognitive performance Model B (95 % CI)

Memory performance (z-score)
Per SD increase in physical activity

1 0.00 (-0.06; 0.06)

2 -0.01 (-0.06; 0.05)

Executive functioning (z-score)
Per SD increase in physical activity

1 0.02 (-0.04; 0.08)

2 0.03 (-0.03; 0.08)

B (95 % CI) represents the differences in brain volumes per SD (39.7 METh/w) increase in physical activity 
and differences in cognitive performance per SD (40.3 METh/w) increase in physical activity. Model 1 
adjusted for age, sex, and educational level (associations with cognitive performance were additionally 
adjusted for DART-score). Model 2 additionally adjusted for vascular risk factors (diastolic and systolic 
blood pressure, hyperlipidemia, BMI, diabetes, smoking, and alcohol use).
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Cross-sectional associations of physical activity with brain MRI abnormalities and 

cognitive performance stratified for patients with and without follow-up examinations are 

presented in supplemental table 2. For the association of physical activity with presence of 

brain infarcts, stratified analyses showed that there was no difference in the association for 

those with (RR = 0.92; 95 % CI 0.80; 1.06) and without follow-up examinations (RR = 0.91; 

95 % CI 0.79; 1.05).

Prospective association of physical activity, changes in brain mrI 
abnormalities and cognitive decline

An increase in physical activity of one SD (38.0 METh/w) was not significantly associated 

with change in total brain volume, ventricular volume or WML volume over time (Table 3). 

ANCOVA across quartiles of physical activity also showed no significant association 

with change in brain volumes (data not shown). Furthermore, physical activity was not 

significantly associated with a decreased risk for incident brain infarcts (RR 1.01; 95 % CI 

0.81; 1.23) (model 1). Finally, physical activity was not significantly associated with decline 

in memory performance or executive functioning (Table 3). ANCOVA across quartiles of 

physical activity also showed no significant associations with cognitive decline (data not 

shown).

table 3 Prospective associations between physical activity and change in brain MRI abnormali-
ties and cognitive decline

Change in brain volumes (%ICV)
(n = 663)

Change in brain volumes Model B (95 % CI)

Total brain volume (% ICV)
Per SD increase in physical activity

1 0.02 (-0.06; 0.09)

2 0.01 (-0.07; 0.09)

Ventricular volume (% ICV)
Per SD increase in physical activity

1 0.01 (-0.00; 0.04)

2 0.02 (-0.00; 0.04)

WML (ln) volume (% ICV)
Per SD increase in physical activity

1 -0.00 (-0.06; 0.05)

2 -0.00 (-0.06; 0.05)

Change in cognition (z-score)
(n = 473)

Change in cognitive performance Model B (95 % CI)

Memory decline (z-score)
Per SD increase in physical activity

1 -0.01 (-0.06; 0.04)

2 -0.02 (-0.07; 0.03)

Executive functioning decline (z-score)
Per SD increase in physical activity

1 0.02 (-0.03; 0.07)

2 0.02 (-0.03; 0.07)

B (95 % CI) represents the change (between baseline and follow-up) in brain volumes per SD (38.0 
METh/w) increase in physical activity and change in z-scores of cognitive performance per SD (39.1 
METh/w) increase in physical activity. Model 1 adjusted for age, sex, educational level, follow-up time 
and baseline measure of brain volume or baseline cognitive performance (associations with cognitive 
performance were additional adjusted for DART-score). Model 2 additionally adjusted for vascular risk 
factors (diastolic and systolic blood pressure, hyperlipidemia, BMI, diabetes, smoking, and alcohol use).
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dIsCussIon

In patients with symptomatic atherosclerotic disease, we observed that cross-sectionally, a 

higher level of physical activity was associated with less brain atrophy and probably with 

a decreased risk for brain infarcts. Higher level of physical activity was not associated with 

changes in brain MRI abnormalities over time. Also, physical activity was not associated 

with cognitive performance or cognitive decline.

Our baseline findings for the MRI measures are in accordance with other cross-sectional 

studies that showed that a higher level of physical activity is associated with less brain 

atrophy8–11 and a decreased risk for brain infarcts.12 The absence of an association with 

WML volume is also in line with some previous studies,9,12 but not with others.11,13

To our knowledge this is the first cohort study that prospectively assessed the relationship 

between higher levels of physical activity and progression of several volumetric measures 

of brain MRI abnormalities. One study previously assessed the prospective association 

between physical activity and progression of white matter lesions, but did not investigate 

atrophy measures.14 Similar to our findings, this study did not find an association between 

higher level of physical activity and a decreased rate of WML volume change.14 Another 

study defined absence or presence of atrophy progression in the frontal and temporal lobe 

based on a graded scale.15 They found that physical activity only suppressed progression of 

frontal lobe atrophy in men and only when comparing the highest quintile of physical activity 

with the lowest quintile of physical activity.15 A previous intervention study in healthy older 

individuals found increased gray and white matter volumes after participation in an aerobic 

exercise program.34 However, the intensity of the physical activity and the intention of the 

participants in the intervention study might explain the differences in results. With respect 

to brain infarcts, no other studies reported on the prospective association between physical 

activity and new brain infarcts on MRI and our study can thus not be compared with others.

No association between a higher level of physical activity and baseline cognitive function 

or cognitive decline was found. Most previous studies found significant associations 

between the level of physical activity and cognitive performance at baseline or cognitive 

decline, also in patients with cardiovascular disease.16,18,19 A possible explanation for our 

findings could be that in comparison with other studies, our study included participants 

who were relatively young and had a relatively intact cognitive function.

The question is why physical activity was related to baseline brain MRI abnormalities, 

but not with changes in these measures over time. Physical activity is often considered to 

be a protective factor in aging and disease related brain changes. The current observation 

that baseline physical activity does not predict decelerated progression of brain MRI 

abnormalities appears to contradict this assumption, although it is possible that in the 

present population of patients with symptomatic atherosclerotic disease other risk factors 

for brain changes overrule the effect of physical activity. It is also possible that cross-sectional 

associations between physical activity and brain MRI abnormalities mainly reflect shared 
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risk factors – i.e. both physical inactivity and brain abnormalities reflecting a poorer health 

status – and that these factors are not account for in the statistical models. Nevertheless, 

the differential results of the cross-sectional and longitudinal analyses emphasize the 

importance of longitudinal studies.

Several strengths and limitations should be reported. Strengths of this study are that we 

assessed both brain volumes and cognition. The volumetric assessment of brain atrophy and 

WMLs made is possible to investigate the associations on a continuous scale, without loss 

of information due to categorization of data. Our automated method is less influenced by 

observer bias than visual rating methods and enabled us to accurately measure brain volumes 

and WMLs. The prospective design enabled us to measure change in brain volumes and 

cognitive function in a large number of patients. A first limitation of the study is the fact that 

we used self-reports of physical activity, which could lead to potential recall bias. Because 

of the large scale of our study we were not able to use other methods to assess the level 

of physical activity (e.g. calorimetry or movement sensors). However, in a previous study the 

reproducibility and validity of the questionnaire that we used to assess the level of physical 

activity was found to be satisfactory.20 Another limitation is that we measured the level of 

physical activity only at baseline. Therefore, we were not able to assess changes in the level 

of physical activity. The level of physical activity could have changed following diagnosis. 

Therefore, the baseline reporting of physical activity may be underestimated. However, the 

median (10th – 90th percentile) time between occurrence of the event for which patients for 

which patients were included in the study and the baseline reporting of physical activity was 

3.4 (1.4 – 10.8) months. Therefore, the reported usual pattern of leisure-time physical activity 

mainly concerned the period prior to the diagnosis. Furthermore, as in many other follow-up 

studies of aging, a limitation of this study is that individuals who participated in the follow-up 

examination represented a relatively healthy group. The selective loss to follow-up may have 

led to an underestimation of the associations.

To conclude, in this population of patients with symptomatic atherosclerotic disease, 

physical activity was associated with less brain atrophy and fewer brain infarcts at baseline. 

However, we found no relationship between higher level of physical activity and progression 

of brain MRI abnormalities or cognitive decline during four years of follow-up. To the 

best of our knowledge, we are the first to prospectively examine the association between 

the level of physical activity with progression of key markers of vascular brain lesions 

(i.e. WMLs and brain infarcts) and brain atrophy (i.e. total brain volume and ventricular 

volume). These data suggest that leisure time physical activity does not have a significant 

contribution in slowing down brain abnormalities and cognitive decline in this cohort of 

middle-aged individuals already burdened with vascular disease. This does not rule out, 

however, that actively encouraging patients with cardiovascular disease to increase their 

level of physical activity might be beneficial to the brain. More research is needed on early 

lifestyle intervention in this high-risk group of patients with cardiovascular disease.
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supplemental table 1 Mean ± SD of brain volume measures and neuropsychological test scores 
at baseline in the total study sample (n = 1232 and n = 831) and in patients with follow-up 
examination (n = 663 and n = 473), and these volumes and test scores at follow-up (n = 663 
and n = 473).

Measures of brain volumes
Baseline 
(n = 1232)

Baseline  
(n = 663)

Follow-up 
(n = 663)

Total brain volume (%ICV) 79.0 ± 2.9 79.3 ± 2.6 78.5 ± 3.0

Ventricular volume (%ICV) 2.13 ± 0.98 2.02 ± 0.85 2.21 ± 0.96

WML volume (ln; %ICV) -2.1 ± 1.1 -2.3 ± 1.09 -2.2 ± 1.20

Neuropsychological tests
Baseline  
(n = 831)

Baseline  
(n = 473)

Follow-up 
(n = 473)

RAVLT Immediate recall mean of 5 trials (range 0 – 15) 7.3 ± 2.0 7.5 ± 1.9 7.9 ± 2.1

RAVLT delayed recall (range 0 – 15) 7.1 ± 2.9 7.3 ± 2.9 8.0 ± 3.2

Rey Complex Figure Test delayed recall (0 – 36) 20 ± 7 20 ± 7 20 ± 7

Visual elevator test timing score (seconds per switch) 5.3 ± 2.9 4.9 ± 1.8 4.8 ± 2.4

Brixton Spatial Anticipation test (errors; range 0 – 54) 19 ± 6 18 ± 6 18 ± 7

Letter Fluency (1 minute time frame) 10 ± 4 11 ± 4 11 ± 5

RAVLT = Rey Auditory Verbal Learning test

supplemental table 2 Cross-sectional associations between physical activity and brain MRI 
abnormalities and cognitive performance stratified for patients with and without follow-up 
examination

Difference in brain 
volume (%ICV)
(n = 663 with follow-up)

Difference in brain volume 
(%ICV)
(n = 569 without follow-up)

Brain volumes Model B (95 % CI) B (95 % CI)

Total brain volume (% ICV)
per SD increase in physical activity

1 0.16 (-0.02; 0.33) 0.22 (0.03; 0.42)

2 0.13 (-0.05; 0.30) 0.17 (-0.03; 0.37)

Ventricular volume (% ICV)
per SD increase in physical activity

1 -0.03 (-0.08; 0.04) -0.04 (-0.13; 0.04)

2 -0.03 (-0.09; 0.03) -0.04 (-0.13; 0.04)

WML (ln) volume (% ICV)
per SD increase in physical activity

1 -0.01 (-0.09; 0.07) -0.03 (-0.11; 0.05)

2 -0.01 (-0.09; 0.07) -0.03 (-0.11; 0.06)

Difference in cognition 
(z-score)
(n = 473 with follow-up)

Difference in cognition 
(z-score)
(n = 358 without follow-up)

Cognitive performance Model B (95 % CI) B (95 % CI)

Memory performance (z-score)
Per SD increase in physical activity

1 -0.03 (-0.11; 0.04) 0.04 (-0.06; 0.13)

2 -0.04 (-0.12; 0.04) 0.02 (-0.08; 0.12)

Executive functioning (z-score)
Per SD increase in physical activity

1 -0.01 (-0.08; 0.05) 0.05 (-0.05; 0.15)

2 -0.01 (-0.07; 0.06) 0.03 (0.07; 0.13)

B (95 % CI) represents the differences in brain volumes per SD (38.0 METh/w for those with follow-up 
data and 41.6 METh/w for those without follow-up data) increase in physical activity and differences in 
cognitive performance per SD (39.1 METh/w for those with follow-up data and 41.8 for those without 
follow-up data) increase in physical activity. Model 1 adjusted for age, sex, and educational level (as-
sociations with cognitive performance were additionally adjusted for DART-score). Model 2 additionally 
adjusted for vascular risk factors (diastolic and systolic blood pressure, hyperlipidemia, BMI, diabetes, 
smoking, and alcohol use).


